Spondylolysis from pars fracture is a common injury among young athletes, which can limit activity and cause chronic back pain. While current literature has examined the relative benefits of surgical and conservative management of these injuries, no study has yet compared outcomes between conventional direct repair of pars defects and modern minimally invasive procedures. The goals of surgery are pain resolution, return to play at previous levels of activity, and a shorter course of recovery. In this review, the authors have attempted to quantify any differences in outcome between patients treated with conventional or minimally invasive techniques. A literature search was performed of the PubMed database for relevant articles, excluding articles describing conservative management, traumatic injury, or high-grade spondylolisthesis. Articles included for review involved young athletes treated for symptomatic spondylolysis with either conventional or minimally invasive surgery. Two independent reviewers conducted the literature search and judged articles for inclusion. All studies were classified according to the North American Spine Society standards. Of the 116 results of our initial search, 16 articles were included with a total of 150 patients. Due to a paucity of operative details in older studies and inconsistencies in both clinical methods and reporting among most articles, little quantitative analysis was possible. However, patients in the minimally invasive group did have significantly higher rates of pain resolution (p<0.001). Short recovery times were also noted in this group. Both groups experienced low complication rates, and the majority of patients returned to previous levels of activity. Surgical repair of spondylolysis in young athletes is a safe and practical therapy. Current literature suggests that while conventional repair remains effective, minimally invasive procedures better clinical outcomes. We await further data to conduct a more thorough quantitative analysis of these techniques.
Introduction
Spondylolysis-a fracture of the pars interarticularis-is a common injury in young patients, and is often associated with spondylolisthesis. Typically, the rostral vertebral body gradually translates over the inferior body with minimal resistance from the posterior column. In younger patients, especially athletes, it is seen at the L5 level and is typically bilateral [1] .
Historically, the incidence of spondylolysis has been reported as 6% in the general population [2] , although newer studies utilizing computed tomography (CT) tech-nology have reported higher rates, as much as 11.5% [3] In young athletes, pars injuries occur with a much greater incidence, reported at anywhere from 23%-63% [4, 5] . Athletes at greatest risk engage in high-impact sports or activities that involve repetitive hyperextension, flexion, and rotation. There is some evidence for a hereditary predisposition to spondylolysis, such as a tendency for thin, more readily fractured vertebral bone, or an isolated weakness or thinning of the pars itself [6, 7] . These fractures are also observed twice as frequently in men compared to women [2, 5, 8] .
Surgical repair of symptomatic spondylolysis is classically indicated after 6 months of failed conservative management, with persistent pain and non-union at 9-12 months [9, 10] . Surgical decompression and fusion may also be indicated in symptomatic cases with neurologic deficit or radiculopathy.
While previous literature has compared the conservative and surgical management of spondylolysis [11] , no study to date has analyzed differences in conventional direct repair (CDR) and minimally invasive surgery (MIS) techniques. This study will seek to compare outcomes between these approaches; in particular, the impact of MIS repair on return to play for athletes otherwise limited in their activity due to symptomatic fractures.
Materials and Methods

Study selection
With strict adherence to preferred reporting items for systematic reviews and meta-analyses (PRISMA) guidelines, a literature search was conducted of the PubMed database for articles relating to surgical repair of fractures to the pars interarticularis in athletes. Keywords included "pars interarticularis fracture" or "pars repair" or "spondylolysis repair," alone and in combination with phrases such as "athletes, " "minimally invasive" or "MIS, " and "direct repair. "
Results were limited to English language literature and human subjects. Case reports and case series detailing surgical intervention for symptomatic spondylosis in athletes were included. Studies describing conservative management, treatment of injuries due to trauma, and patients with high-grade spondylolisthesis (greater than Meyerding Grade I) were excluded. Two reviewers performed the database search and reviewed each article for inclusion/ exclusion. The quality of evidence for each article was determined according to the standards of the North American Spine Society [12] . The last search was performed in April 2016. 
Results
Search procedure
Our initial PubMed search yielded 143 results. After screening, 16 articles were included in this study, comprising 9 case series [13] [14] [15] [16] [17] [18] [19] [20] [21] , 2 case reports [22, 23] , 4 retrospective studies [24] [25] [26] [27] , and 1 prospective study [28] , with a total of 150 patients (Tables 1, 2 ). 8 of these articles describe MIS therapy in 46 patients [13, 14, [18] [19] [20] [21] [22] [23] . The remaining 8 articles describe CDR techniques in 104 patients [15] [16] [17] [24] [25] [26] [27] [28] (Figs. 1, 2 ).
Baseline characteristics
1) MIS
Of the 46 patients treated with MIS techniques, 72% were male (of 36 reported) and the average age was 32.9 years. Athletes in this group participated in professional and college football, professional hockey, and high school sports including track and volleyball (Table 3) .
2) CDR Of the 104 patients treated with CDR techniques, 57% were male (of 75 reported) and the average age was 23.1 years. Athletes in this group participated in college gymnastics, baseball, and soccer, professional cricket, and amateur running, swimming, and golf. This group also included manual laborers, such as butchers, bricklayers, and fishmongers (Table 4) .
Presenting symptoms & radiological findings
1) MIS
The majority of patients presented with back pain. Other symptoms included leg pain and radiculopathy. Most patients had no spondylolisthesis, and those who did were all Meyerding Grade I (n=13, 28%). Vertebral level was reported in 47 injuries. While the majority of fractures were at the L5 level (n=39, 83%), injuries were also treated at L4 (n=6, 13%) and L3 (n=2, 9%). Most injuries were bilateral (n=41, 89%) ( Tables 5, 6 ).
2) CDR Most patients presented with back pain. Other symptoms included leg or thigh pain, radiculopathy, and difficulty walking. The vast majority of patients had no spondylolisthesis, and those who did were all Meyerding Grade I (n=6, 5.8%). Vertebral level was reported in 83 injuries. While the majority of fractures were at the L5 level (n=69, 83%), injuries were also treated at L4 (n=9, 11%), L3 (n=4, 5%), and L6 (n=1, 1.2%). Most injuries were bilateral (n=52, 80%) ( Table 7) . 
Surgical techniques
The majority of patients in both groups were treated by Buck's procedure or MIS/endoscopic modifications of Buck's procedure. In the CDR group, approximately 71% of patients were treated with Buck's procedure. Other techniques were also listed in Tables 8 and 9 .
1) MIS
Of the 8 studies, most employed a MIS modification of Buck's procedure (n=5, 62.5%). In a typical percutaneous adaptation of Buck's technique, the patient is positioned prone, and the target pars defect is localized by fluoroscopy. A needle is introduced to the adjacent lamina, and a guide-wire is next drilled through the injured pars with X-ray guidance. The trajectory is sequentially dilated, (Table 8) .
2) CDR
The most common technique was Buck's procedure (n=6, 75% 1-3 days) . All athletes returned to their previous level of activity with the exception of two patients treated by Gillis et al. One patient underwent surgery for fusion at the same level as his pars repair 4 years postoperatively, at which time a broken Dynesys cable was noted. Another patient developed pseudoarthrosis with a recurrence of preoperative symptoms 18 months after surgery, after which CT scan demonstrated incomplete fusion across the pars. The average time for successful return to sport among athletes was 2.7 months (range, 0.75-6.0 months).
Four studies reported radiologic assessment of fusion. Fusion was achieved in all patients but one treated by Gillis et al. (described above). On average, patients were followed postoperatively for 12.7 months (range, 6-23 months) (Table 10) . The majority of patients reported a resolution of pain (n=78, 75%). Of the remaining patients, over half had some improvement (n=20, 19%), while some had no postoperative change (n=4, 3.9%).
Only Lundin et al. reported postoperative length of hospital stay, with a mean stay of 3.2 days (range, 3-4 days). All patients returned to their previous level of activity but three: Rajasekaran et al. reported one patient with persistent back pain in whom MRI suggested disc degeneration. Gillet et al. reported two patients whose poor surgical outcome prevented return to previous activity. Three stud- ies reported the length of time before patients returned to sport, with a mean of 5.6 months (range, 4-6 months).
Six studies reported postoperative radiographic outcomes. Of these, all patients had confirmed fusion except for one patient treated by Snyder et al. had two pars defects, one of which did not fuse successfully. On average, patients were followed postoperatively for 44.8 months (range, 9-135 months) (Table 11 ).
Complications 1) MIS
Only two complications were reported, both in patients treated by Gillis et al. As described above, one patient developed pseudoarthrosis and experienced a recurrence of symptoms at 18 months postoperatively. Another patient experienced postoperative radiculopathy due to a medial breech, requiring screw revision (Table 8) .
2) CDR
Eleven complications were reported. Snyder et al. reported two patients who developed postoperative superficial wound infections, which were treated with no effect on recovery. Two patients required revision surgery: one for pseudarthrosis and the other for radiculopathy, both of which developed postoperatively. Ranawat et al. reported one case of a perioperative drill break, which required removal during surgery. Menga et al. reported one patient with a postoperative superficial skin infection which was treated successfully without impact on recovery, and two patients with screw fractures: one was asymptomatic and found incidentally, the other was symptomatic (VAS=10). Finally, Nozawa et al. reported one patient in which a wire was displaced 2 weeks postoperatively and required repair with a pedicle screw, and two patients with asymptomatic postoperative wire breakage at 30 and 32 months respectively. As fusion had occurred by this point, neither patient required repair or revision (Table 9) .
Discussion
In 1970, Buck [30] described a method of spondylolysis correction by which screws are placed directly through the fractured pars and ipsilateral lamina. The goal of this procedure was to repair the pars defect so as to prevent the development of spondylolisthesis, the treatment of which had a relatively low success rate. His technique remains popular, and has formed the basis of CDR approaches to pars defects. Today, growing interest in MIS neurosurgery has led to the development of MIS modifications of Buck's procedure for the internal fixation of pars defects. Direct repair is not, however, the only strategy available to treat these injuries. Transforaminal endoscopic microdiscectomy was performed in a 31-year-old patient with foraminal stenosis and symptomatic pain radiating to his legs. This patient had minimal spondylolisthesis and stable flexion/extension X-ray images [31] . Postoperatively, the patient experienced a complete resolution of his symptomatic pain. This technique-as with the MIS techniques reviewed here-may be particularly applicable in patients who do not require fusion. Kakiuchi [32] has reported spondylolysis repair by fixation with pedicle screws and laminar hooks in 16 patients, 13 of whom had complete pain resolution, while the remaining 3 complain of only occasional postoperative back pain. These patients had an average age of 32 years (range, 12-60 years).
Of the patients included in this review, those undergoing MIS repair experienced significantly greater resolution of symptomatic pain. While disparities in reporting and metrics between various studies precludes a more rigorous statistical analysis, the MIS patient population in this study is more than 10 years older on average than the CDR population. This may reflect the general benefits of MIS surgery: less surgical stress (e.g., tissue destruction, blood loss), which allows expansion of the candidate population to older patients. We therefore argue for the application of MIS techniques in pars repair, as this approach offers greater treatment of symptoms in a wider range of patients.
The ultimate goal of pars repair-beyond resolution of pain-is the return to play of an injured athlete at preoperative levels. Current literature suggests a postoperative delay of anywhere from 6-12 months before a patient who has undergone pars repair can return to play [10, 11, 33] . The studies included in this review did not consistently report return to play. Many of those that did failed to specify the timeframe involved. However, 3 MIS studies did report return to play times of 1.4 months [14] , 3 months [19] , and even 3 weeks [18] . These outcomes may suggest that the trauma of surgery itself delays an athlete's return to play after pars repair, and that MIS techniques therefore afford the patient a more rapid return to previous activity levels.
This review does face limitations. The small number of patients involved prevents broad generalization of our conclusions. As mentioned, the studies included were rarely consistent in clinical metrics used or reported, preventing a thorough quantitative statistical analysis. These studies were predominately case series, and therefore the patients involved were not randomized, but selected for their various treatments with bias. In CDR, there were many complications that may not related to magnitude of surgery but related to hardware failure. This could reflect an artifact of the literature, as our report includes approximately twice as many CDR patients as MIS. There may also be some characteristic of the techniques or hardware employed by CDR/MIS techniques influencing hardware failure, but due to the disparity of variables reported by these studies we cannot conduct meaningful analysis.
Conclusions
The direct repair of spondylolysis is an effective therapy for athletes in whom conservative management has failed. As new MIS techniques are developed and reported, a growing body of evidence suggests that these approaches may offer patients higher resolution of symptomatic pain and a swifter recovery with return to play when compared to traditional CDR techniques. More numerous and thorough data are required to conduct a quantitative analysis and draw firm conclusions.
